Tight junctions (TJs) perform a critical role in the transport functions and morphogenetic activity of the primary epithelium formed during Xenopus cleavage. Biogenesis of these junctions was studied by immunolocalization of TJ-associated proteins (cingulin, ZO-1 and occludin) and by an in vivo biotin diffusion assay. Using fertilized eggs synchronized during the ®rst division cycle, we found that membrane assembly of the TJ initiated at the animal pole towards the end of zygote cytokinesis and involved sequential incorporation of components in the order cingulin, ZO-1 and occludin. The three constituents appeared to be recruited from maternal stores and were targeted to the nascent TJ site by different pathways. TJ protein assembly was focused precisely to the border between the oolemma-derived apical membrane and newlyinserted basolateral membrane generated during cytokinesis and culminated in the formation of functional TJs in the two-cell embryo, which maintained a diffusion barrier. New membrane formation and the generation of cell surface polarity therefore precede initiation of TJ formation. Moreover, assembly of TJ marker protein precisely at the apical-basolateral membrane boundary was preserved in the complete absence of intercellular contacts and adhesion. Thus, the mechanism of TJ biogenesis in the Xenopus early embryo relies on intrinsic cues of a cell autonomous mechanism. These data reveal a distinction between Xenopus and mammalian early embryos in the origin and mechanisms of epithelial cell polarization and TJ formation during cleavage of the egg. q
Introduction
The emergence of polar epithelial cells at the embryonic surface and non-polar cells internally represents the ®rst cell diversi®cation in vertebrate development. The initial cleavage divisions in the Xenopus embryo yield the polar cell type only until inner non-polar cells are generated by asymmetric divisions at the blastula stage. The outer, apical, membrane domains of these early polar cells derive from the original egg membrane, while their basolateral membrane domains are newly formed (Byers and Armstrong, 1986; Mu Èller and Hausen, 1995) . The two membrane domains are separated by a clear border and differ in morphology, composition and physiological properties (Slack and Warner, 1973; Kline et al., 1983; Tetteroo et al., 1984; Mu Èller and Hausen, 1995) . The formation of a peripheral epithelium during cleavage therefore does not require a mesenchymal-epithelial transition and no basal lamina forms at the blastula stages (Fey and Hausen 1990) . The epithelium provides a permeability barrier of high transepithelial electrical resistance that separates the embryo's interior from the outside world, maintains the salt balance within the embryo and generates the osmotic forces required to in¯ate the blastocoel (Slack and Warner, 1973; Regen and Steinhardt, 1986) . Further, the apical cytoskeleton and the junctions at the apical circumference of the cells supply the epithelium with unique mechanical properties, critical for early morphogenesis (Keller, 1986) .
Apical junctional complexes comprising tight junctions (TJs) and more basally positioned adherens junctions and desmosomes interconnect epithelial cells and maintain the polarized organization and transport functions of epithelia (Rodriguez-Boulan and Nelson, 1989) . TJs control the transepithelial permeability barrier and also form a boundary within the plasma membrane itself (fence function), separating apical and basolateral domains and restricting lateral mobility of membrane components (reviewed in Schneeberger and Lynch, 1992) . In transmission electron microscopy, TJs appear as a series of apparent membrane`fusions' (Farquhar and Palade, 1963) which, in freeze fracture, comprise integral membrane ®brils (Goodenough and Revel, 1970) thought to be the transmembrane proteins occludin and claudins (Tsukita and Furuse, 1999) . Occludin is a protein with four transmembrane domains, two extracellular loops and cytoplasmic Nand C-termini. It contributes to the permeability barrier and fence properties of TJs (reviewed in Stevenson and Keon, 1998; Bamforth et al., 1999) and provides Ca 21 -independent cell±cell adhesion (Van Itallie and Anderson, 1997) . TJs also contain numerous cytoplasmic protein constituents. ZO-1, a member of the membrane-associated guanylate kinase (MAGUK) protein family, binds directly to the cytoplasmic C-terminal domain of occludin in vitro and may associate with the actin cytoskeleton directly or via spectrin (reviewed in Stevenson and Keon, 1998) . Two isoforms of ZO-1 that result from differential splicing are found in mammalian tissues. The longer isoform has an extra 80 amino acid domain known as the a-domain (Willott et al., 1992) . Cingulin is another component of the cytoplasmic plaque of TJs (Citi et al., 1989) . It contains a globular N-terminal region, which associates in vitro with ZO-1, ZO-2, ZO-3 and occludin. A large coiled-coil region mediates self-assembly (Cordenonsi et al., 1999a,b) .
A number of studies have addressed structural and functional aspects of TJ formation in the early Xenopus embryo but the results have been partially contradictory. Freezefracture studies revealed isolated TJ ®brils on the membranes of animal blastomeres as early as at the eightcell stage (Sanders and DiCaprio, 1976; Cardellini et al., 1988) . In a TEM study, typical TJs were not observed earlier than the 32-cell embryo (Mu Èller and Hausen, 1995) . Con®rming this, occludin was found along borders of the outer cells at this stage (Cordenonsi et al., 1997) . However, in contrast, Kalt (1971) described`close junctions' in the two-cell embryo which were proposed to generate a diffusion barrier and permit blastocoel formation from this stage. Although a sealing function for these junctions is disputed (Singal and Sanders, 1974) , some electrophysiological measurements support the presence of a diffusion barrier in the two-cell embryo (Slack and Warner, 1973) . Recently, Cardellini et al. (1996) have found that cingulin assembles at the apical cell-cell contact sites from the ®rst cleavage division onwards. Using a biotin labelling diffusion assay, Merzdorf et al. (1998) have also reported the presence of a diffusion barrier from the two-cell stage, that they attributed to the function of nascent TJs. However, these putative junctions appear to be unusual in that initially they were recessed within the basolateral membrane and did not exert the fence function; only later in development they are supposed to migrate apically and assume the conventional localization and function (Merzdorf et al., 1998) .
Here, we re-examine the origin of TJs during Xenopus early development using a combination of molecular markers (cingulin, ZO-1 and occludin) and the biotin functional assay. In particular, we have focused on the mechanisms critical for the integration of TJ biogenesis with the programme of differentiation of the polarized primary epithelium. We show, using fertilized eggs at precisely timed stages of cytokinesis, that the ®rst TJs are generated during the late phase of the zygote division cycle and culminate in the formation of a diffusion barrier in the two-cell embryo. TJ biogenesis is achieved by sequential membrane assembly of components in the order cingulin, ZO-1 and occludin and each component appears to reach the assembly site by different cytoplasmic pathways. We have also found that the nascent TJs are formed precisely at the border between old (apical) membrane derived from the oolemma and new (basolateral) membrane generated during cytokinesis. Moreover, the mechanism of TJ assembly involves intrinsic signals independent of any cellular interactions or adhesion demonstrating that the prior establishment of cell polarity at cytokinesis de®nes the future site of the TJ.
Materials and methods

Eggs and embryos
Eggs were obtained from Xenopus females (African Xenopus Facility C.C. Noordhoek, South Africa) and fertilized in vitro. Jelly coats were removed by incubation in 2% cystein solution (pH 8.0). Embryos were further cultured in 0.1 £ MBS-H (For the formula of MBS-H see Fey and Hausen 1990) . In some experiments, 0.5% b-mercaptoethanol was added to the de-jellying medium to loosen vitelline membranes. This facilitates removal of the vitelline membrane with forceps.
Antibodies
Rabbit polyclonal anti-cingulin serum C532 was raised against a puri®ed recombinant 50 kDa C-terminal fragment of chicken cingulin (Cardellini et al., 1996) , rabbit polyclonal anti-occludin serum ROC-896 was raised against GSTfusion protein containing C-terminal ZO-domain of chicken occludin (Cordenonsi et al., 1997) and the anti-ZO-1 polyclonal antibody was raised against a GST-fusion protein containing rat rZ1 sequence common for both ZO-1 isoforms (Sheth et al., 1997) . For the polyclonal anti-bcatenin antibody P14L, the monoclonal anti-b1-integrin antibody 8C8 and the monoclonal anti-XBU-Cadherin antibody 6D5, see Schneider et al. (1996) ; Gawantka et al. (1992) ; Angres et al. (1991) , respectively. Rabbit anti-biotin whole serum was purchased from Serotec.
Protein extraction, SDS-PAGE and Western blotting
Protein extraction, SDS-PAGE and western blotting and immunostaining of the blots were performed as described in Mu Èller et al. (1994) . Alternatively, the samples were mixed with LDS loading buffer containing DTT, heated for 10 min at 708C and loaded on 10% Bis±Tris minigels (Novex).
Egg surface biotinylation and in vivo diffusion assay
Biotinylation of the egg surface was performed as in Mu Èller and Hausen (1995) . In vivo diffusion assay was performed essentially as described by Merzdorf et al. (1998) with some modi®cations. Embryos during desirable stages of the ®rst cleavage division were exposed for 17 min at 158C to 2 ml freshly prepared solution of 0.1 mg/ml NHS-LC-biotin (Pierce, Rodeford, IL) in 0.1£ MBS-H. The biotinylation reaction was stopped with 2 ml blocking buffer (500 mM glycine, pH 7.4). After rinsing eggs twice with blocking buffer and several times with 0.1£ MBS-H, they were ®xed and processed for immunohistochemistry.
Whole-mount immuno¯uorescence labelling and light microscopy
Embryos were ®xed in 20% DMSO in methanol overnight at 2208C (Dent et al., 1989) . Following diffusion assays, embryos were pre®xed in HEFA (2% formaldehyde, 1 mM CaCl 2 , 25 mM HEPES, pH 7.4) for 4 h at room temperature. For co-localization of membrane-bound biotin and cingulin in the diffusion assays the embryos were ®xed in methanol/DMSO only. After ®xation, specimens were rehydrated in a graded series of methanol/water and methanol/PBS down to PBS, blocked with 1% ®sh skin gelatine (Sigma, G-7765) in PBS for 2 h at room temperature and incubated with primary antibodies overnight at 48C. After several washes in PBS, specimens were incubated overnight at 48C with secondary antibodies coupled to¯uorescent dyes Cy3, Alexa-488 (Molecular probes), or DTAF (Dianova, Germany). Embryos were washed in PBS, post®xed in 3.7% formaldehyde in PBS, rinsed again in PBS and dehydrated in a graded series of ethanol/H 2 O up to 100% ethanol. Finally, embryos were in®ltrated with and embedded in glycolmethacrylate (Technovit 7100, Kulzer, Germany). Five-micrometre thick serial sections were prepared on a Reichert Jung microtome and analyzed with epi¯uorescent optics using selective ®lters (AF Analysentechnik, Germany). For the analysis, every ®fth section was taken from the middle part of the embryo starting at about 250 mm from the surface.
Whole-mount immunogold labelling and electron microscopy
Embryos were ®xed and incubated with primary anti-cingulin antibody as described for the immuno¯uorescence labelling. Following several washes in PBS, embryos were incubated overnight at 48C with a secondary antibody coupled to 1 nm sized gold particles (Nanoprobes). Specimens were washed in PBS and post®xed in 2% glutaraldehyde in PBS for at least 2 h at room temperature. After washes in PBS and water, specimens were whole-mount silver enhanced (Danscher, 1981) for 30±60 min, washed in water, and`en bloc' stained in 1% aqueous uranyl acetate for 2±3 h on ice. Embryos were then embedded in blocks of 2% low melting point agarose (GIBCO BRL) dehydrated, in®ltrated and embedded in Spurr's resin (Spurr, 1969) . Ultrathin sections were stained with 1% aqueous uranyl acetate and 0.4% aqueous lead citrate plus 0.1 N NaOH and analyzed with a Phillips CM10 transmission electron microscope.
Results
Expression of tight junction proteins in Xenopus embryos
The cingulin, ZO-1 and occludin antibodies recognized their respective Xenopus proteins in Western blots of late neurula stage embryos (Fig. 1A) . Cingulin was detectable as a single band (160 kDa) and occludin as a major (57 kDa) and minor (45 kDa) band. Both of these proteins are supplied maternally to the embryo (Cardellini et al., 1996; et al., 1997). ZO-1 occurred as a doublet at~220 kDa representing ZO-1 a1 and ZO-1 a2 isoforms, as they are found in the mouse embryo (Sheth et al., 1997) . Western blots of cleavage and blastula stage embryos revealed that both isoforms of ZO-1 are present in the Xenopus embryo from ®rst cleavage onwards (Fig. 1B) . The shorter isoform appeared to be less abundant and was down-regulated at the gastrula stage.
3.2. Occurrence of tight junctions at blastula and early gastrula stages.
Embryos of all stages up to early gastrula were`wholemount' stained with antibodies against cingulin, ZO-1 and occludin and examined in sections. All three antibodies to the TJ proteins cingulin, ZO-1 and occludin clearly marked the apical contacts between the outer cells where TJs are typically positioned (Fig. 2 , arrows, early gastrula). To distinguish apical from basolateral membrane domains in the epithelial cells, specimens were counterstained for b 1 -integrin, a marker for newly formed basolateral membranes (Gawantka et al., 1992) . The TJ proteins accumulated precisely at the border between the newly formed, integrin-stained basolateral membranes and the unstained apical membranes ( Fig. 3; shown for 16-cell embryos). Interest- Fig. 3 . Localization of TJ proteins in the 16-cell embryo. The embryos were stained for TJ proteins and counter stained for b 1 -integrin, a marker for newly formed basolateral membranes. Cingulin (A), ZO-1 (B), and occludin (C) are localized at the apical cell-cell contact sites (arrows). Arrowheads in (B) indicate non-speci®c staining of the vitelline membrane. Respective integrin staining shows that the apical concentration of the TJ proteins occurs precisely at the border of the new membrane domain formed during cell division (A H , B H and C H , respectively, arrows). Occludin is also distributed along the basolateral membrane concentrating at the apical extremity (C, arrowheads). Bar, 40 mm.
ingly, up to the blastula stage (stage 7), occludin was distributed as a gradient along basolateral membrane domains with the most pronounced staining at the apical extremity (Fig.  3C ).
Tight junction formation during the ®rst cleavage cycle
Cytokinesis in the zygote begins with the formation of a shallow groove at the animal pole at stage 0 (0 min). The groove deepens as the oolemma sinks into the egg and forms a furrow that expands circumferentially towards the vegetal pole. This externally visible trait can be used for staging (Bluemink, 1971a) . Thus, when the furrow forms an arc of 908 of the egg circumference, cleavage has reached the 1st/ 908 stage. Subsequently, the furrow arrives at the equator at 1st/1808 stage, continues to 1st/2708 stage and ®nally reaches the vegetal pole at 1st/3608 stage. Like Bluemink (1971b) , we noted that the formation of new cleavage membrane separating the ®rst two blastomeres begins between stages 1st/1808 and 1st/2708. Formation of this membrane is not completed at stage 1st/3608 but continues into the period of the second cleavage cycle. We therefore followed cleavage into the`advanced' 1st/3608 stage just before the beginning of the second cleavage and up to the 2nd/1808 stage when the second cleavage furrow has formed an arch of 1808. When the second cleavage division commences, the ring of constriction is apparently released gradually from the ®rst furrow and the TJs between the two blastomeres become eventually exposed to the surface. (For a proper interpretation some of our illustrations it should be mentioned that the methanol ®xation leads to formation of drops of extracted lipids within the embryo. The drops may move towards the surface leading to deformations and in some cases in artefactual lifting of the cell junctions before this has actually occurred in the living embryo. However, counter-staining the new cleavage membranes with b-integrin antibody allows to precisely locate the border between apical and baso-lateral membrane domains even in embryos affected by artefacts).
Zygotes, immunostained at different stages of the ®rst division, were sectioned along the animal-vegetal axis perpendicular to the ®rst cleavage plane. Cingulin was detectable before division in the whole cortex of the egg except for a small area at the animal pole (Fig. 4A ). With Fig. 4 . Cingulin localization during the ®rst cleavage division. Fertilized eggs and embryos at different stages of the ®rst cleavage division were ®xed and double stained for cingulin (A±F) and b 1 -integrin (C H , E H ) as a marker for newly formed membranes. One hour after fertilization, cingulin is detectable in the cortex of the egg (A, arrows) excluding the most animal region (an) where the cleavage furrow will be initiated. At the onset of division (stage 1st/908), cingulin is present in the entire egg cortex (B, arrows) including the cleavage furrow area (cl fur). At stage 1st/2708, the protein is still evenly distributed in the cortex (C, arrows) while new membrane growth is well under way (C H , arrows). Between 1st/3608 and advanced 1st/3608 stages, cingulin remains detectable in the animal cortex but concentrates in the deep furrow (D, arrow). A few minutes later, cingulin staining focuses at the border between the newly formed membrane and oolemma (E,E H , arrows). Arrowheads in (E) indicate the apical cortical staining. Finally, intense staining of the most apical contact site is observed by the middle of the next cleavage (F, arrow) while apical cortical staining decreases. (G) Control two-cell embryo stained only with the two secondary antibodies. Bar, 20 mm. the onset of cleavage, cingulin was found in all regions of the cortex including where the furrow begins to form (Fig.  4B) and later, at stage 1st/2708, when new membrane abutted the furrow (Fig. 4C,C H ). Between stages 1st/3608 and advanced 1st/3608, enhanced cingulin staining was seen towards the tip of the oolemma ingression (Fig. 4D,  arrow) . Shortly later the formation of a focus of cingulin staining indicated the formation of TJs where the newly formed internal membrane meets the oolemma (Fig.  4E,E H ,F, arrows). During the next cleavage division, the staining in the cortex of the apical membrane became progressively weaker.
Cingulin localization was also investigated ultrastructurally. In general, the results corroborated the light microscopic study in terms of timing of cingulin redistribution. In fertilized eggs and cleaving early embryos, cingulin was associated with the submembrane ®lamentous layer of the cortex (Fig. 5A ). Between stages 1st/ 3608 and advanced 1st/ 3608, cingulin remained associated with the cortical ®la-ments including the cleavage furrow (Fig. 5B) . A few minutes later it was found both in the apical cortex and concentrated around the site of apical cell contact ( Fig.  5C ) with much less reaction along basolateral membranes (Fig. 5B,C) . At stage 2nd/2708, cingulin was concentrated in a compact spot at the site of apical contact between blastomeres ( Fig. 5D ) with now little label present along the apical membrane domain.
ZO-1 was ®rst detected at the site of TJ formation at the advanced 1st/3608 stage (Fig. 6A , double arrow). Weak staining was also observed in the apical portion of the new basolateral membrane and adjacent apical cortex (Fig. 6A, arrowheads) . Earlier, from stage 1st/908, the membranes of large cytoplasmic vesicles (2.5±10 mm) were stained with the antibody (Fig. 6A,B, arrows) . The vesicles were arranged in a conspicuous linear fashion in the plane perpendicular to the ®rst cleavage membrane in the animal third of the embryo or in large arches extending vegetally. In some cases, the vesicles were positioned along the new membrane and even associated with it (Fig. 6B,C,  arrows) . It appeared that ZO-1 was delivered to the new membrane together with these vesicles.
Before cleavage commences in the fertilized egg, granules stained with anti-occludin antibody were located in the peripheral cytoplasm, particularly in the animal hemisphere. Interestingly, and in contrast to ZO-1 vesicles, b 1 -integrin was also present in these granules (Fig. 7A,A H , arrows). The granules (1±2 mm), were clearly smaller than the ZO-1 containing vesicles. Between stages 1st/1808 and 1st/2708, the granules were found around the tip of the oolemma ingression where the new membrane growth was to be initiated (Fig. 7B,B H , arrows). As soon as the newly formed membrane became detectable by integrin staining, occludin was found along the apical membrane region of it (Fig. 7C,C H , arrows). The ®rst accumulation of occludin at the site of TJ formation was observed at stage 2nd/1808 (Fig. 7D, double arrow) . This is somewhat later than the corresponding process for cingulin and ZO-1. Vegetally, all three TJ proteins were not usually found at the corresponding sites until the 8-to 16-cell stage.
In conclusion, between stage 1st/3608 and stage 2nd/1808, the three TJ constituents were assembled into a protein cluster at the apical contact site between the two newly formed blastomeres, localized precisely at the border between the oolemma and the new membrane. The assembly process therefore occurred after new membrane formation and establishment of the polarized cell, and was characterized by the sequential delivery of cingulin, ZO-1 and ®nally occludin, each appearing to involve distinct To investigate whether the precise localization of the TJ proteins in two adjacent cell membranes requires cell interactions, cell-cell contacts in the cleaving embryo were mechanically prevented by removal of the vitelline envelope before the onset of cleavage. New membrane formation and cell division were not disturbed under these conditions but, due to the lack of mechanical support from the vitelline envelope, the nascent blastomeres were gently pulled apart by gravity and could not establish any contacts in the animal region. Thus, the prospective sites of TJ formation became separated before protein localization commenced. Under these conditions, we found that all three TJ components assembled at their normal location at the border between oolemma and new membrane by stage 2nd/1808 equivalent (Fig. 8) , demonstrating that contact between adjacent cells is not a precondition for specifying the site of TJ formation.
In another set of experiments, cell-cell adhesion in the cleaving embryo was prevented up to stage 6.5 by incubation of fertilized eggs in Ca 21 -free MBS-H after loosening of the vitelline membranes by b-mercaptoethanol treatment. The vitelline envelope was then removed and the blastomeres left to cleave in Ca 21 -free medium two more times, resulting in the cells fully separating (Fig.  9A±C ) or remaining associated in small clusters (Fig.  9D,E ,E H ). Single cells and cell clusters were ®xed and immunolabelled. In these blastomeres, cingulin and ZO-1 were found at their normal location at the boundary between oolemma and new membrane (Fig. 9A,B,  arrows) . Occludin, as in normal embryos, was also distributed along the basolateral membranes marked by b 1 -integrin (Fig. 9C,E,E H , arrows). It was also found at the apical contact site although its concentration there was less conspicuous (Fig. 9E) . Surprisingly, staining of the blastomeres for XB/U-cadherin (not shown) and b-catenin (Fig. 9D, arrows) revealed that the presence of these proteins at the basolateral membranes was not affected by Ca 21 depletion. We conclude, that TJ protein assembly and restriction of speci®c proteins to the basolateral membranes are independent of ongoing cell-cell adhesion.
Function of tight junctions during cleavage
The barrier function of the nascent TJs was tested during the ®rst cleavage by use of the biotin diffusion assay (Sargiacomo et al., 1989; Merzdorf et al., 1998) . In this assay, cleaving embryos are exposed to a solution of a biotin derivative, which binds to free amino groups on the surface of plasma membrane and can be visualized with anti-biotin antibodies. Since the reagent does not penetrate plasma membranes, any labelling within the embryo is indicative of diffusion through the intercellular space and, hence, the absence of TJ sealing.
Cleaving embryos exposed to biotin reagent from stage 1st/908 to stage 1st/3608 showed clear biotin labelling along the b 1 -integrin stained basolateral membranes indicating the absence of intercellular sealing (Fig. 10A,A  H ) . Under the conditions of the assay, biotin did not reach the entire length of the basolateral membranes, the deepest regions of the embryo remained unstained. However, when labelling was carried out between stages 1st/3608 and 2nd/1808, the basolateral membranes in the animal half were found not to be biotinylated, even after analysis of serial sections (Fig.  10B,B H ). Staining was still detected along the vegetal cleavage membranes (Fig. 10C,C H ) indicating that at this time TJs were sealing the embryo animally but not yet vegetally.
The timing and localization of sealing, as well as the difference between animal and vegetal regions, correlated Fig. 6 . ZO-1 localization at advanced 1st/3608 stage. From this stage onwards, ZO-1 assembly is detectable at the apical region of cell contacts (A, double arrow). Conspicuous ZO-1 stained vesicles (2.5±10 mm) are present in the cytoplasm along a plane orthogonal to the plane of cleavage (A, arrows, B) . In some cases, the vesicles were located along the new basolateral membrane and appeared to associate with it (B,C, arrows). Arrowheads indicate the newly formed basolateral membrane also labelled with ZO-1. Bar, 20 mm.
well with our immunohistological observations on the timing of TJ protein assembly. To con®rm that the barrier for biotin diffusion can be attributed to the nascent TJs, we co-stained the embryos for biotin and cingulin (as a marker for TJs) (Fig. 10E,E H ). The results indicate, that the position of cingulin localization (Fig. 10E, arrow) corresponds indeed to the border of biotin penetration (Fig. 10E H , arrow). As a control for the ef®ciency of biotin diffusion into intercellullar spaces, embryos kept in Ca 21 -free medium were treated likewise. Under this condition, the barrier function of TJs was abolished and biotin labelling of basolateral membranes occurred at all times (Fig.  10D,D H ). We conclude from these experiments that TJs exert the barrier function as soon as they have formed.
We also performed the diffusion assay with 32-cell embryos, the stage when fully developed TJs were ®rst observed by TEM analysis (Mu Èller and Hausen, 1995) . The majority of the cell-cell contacts were impermeable to biotin reagent indicating functional TJs. However, occasional biotinylation of lateral membranes was found, presumably due to ongoing cell divisions and incomplete TJ formation (data not shown).
In the two-cell embryo, the oolemma and the new membrane which forms during cell division undergo little mixing indicating that they represent two distinct cell surface domains (Byers and Armstrong, 1986) . We next investigated whether development of this polarity occurred before or as a consequence of TJ formation by tracing the distribution of components of the two domains throughout the ®rst cleavage division. The oolemma of fertilized eggs was exposed to biotin solution for 10 min before the onset of ®rst cleavage. The biotinylation reaction was stopped and the eggs washed thoroughly to remove biotin reagent. The eggs cleaved normally and embryos were ®xed at different stages of the ®rst cleavage and processed for double immunolabelling with anti-biotin and anti-b 1 -integrin antibodies. The analysis revealed that oolemma-derived components never entered the newly forming basolateral membrane domain (Fig. 11) . Thus, cell polarity was established with the onset of new membrane formation and was maintained throughout the division cycle including stages preceding TJ assembly and sealing.
Discussion
Ultrastructural studies have revealed that morphologically typical epithelial junctional complexes with apical TJs connect the cells at the surface of the Xenopusembryo from the 32-cell stage (Mu Èller and Hausen 1995) . Observations made by immunolocalization of TJ components, including this report, corroborate this view (Cardellini et al., 1996; Cordenonsi et al., 1997; Merzdorf et al., 1998) . The junctional complexes are positioned between the Fig. 8 . TJ proteins are localized at the apical border of newly-formed membrane in two-cell embryos in the absence of cell-cell contacts. Vitelline membranes were removed from eggs before the beginning of the ®rst cleavage leading to separation of the blastomeres during cell division. The embryos were ®xed at the 2nd/1808 stage equivalent and double-stained for cingulin (A), ZO-1 (B) or occludin (C) and b 1 -integrin (A H ,B H ,C H , respectively). A concentration of the proteins is detectable (A±C, arrows) at the apical border of the new membrane domain marked by b 1 -integrin staining (A H ±C H , arrows). (D) A schematic view of the egg cleaving without vitelline membrane; the membraine is marked by broken line and the quadrangular shades the area presented on the photos. As a control for b 1 -integrin staining, embryos were stained likewise but inert P3 IG was used as a ®rst antibody (E). ap, apical domain; bl, basolateral domain. Bar, 20 mm.
oolemma-derived apical domains and the basolateral membrane domains, newly formed during cleavage divisions. These domains are compositionally and functionally distinct: only the basolateral membranes comprise cadherins and integrins (Angres et al., 1991; Gawantka et al., 1992) and have high ionic permeability (Slack and Warner, 1973; Kline et al., 1983) . Formation of sealing TJs at the border of these domains is critical for the transport functions and morphogenetic activity of the primary epithelia in the Xenopus embryo (see Section 1).
Tight junction formation during cleavage stages
A long-standing question concerns the origin of TJs prior to the 32-cell stage. Different structural and functional studies have yielded inconsistent results (see Section 1) but there is accumulating evidence that nascent TJs are ®rst established at the two-cell stage (Kalt, 1971; Slack and Warner, 1973; Cardellini et al., 1996; Merzdorf et al., 1998) . Collectively, our data from immunolocalization and functional studies using precisely staged eggs undergoing Fig. 9 . Localization of TJ proteins under Ca 21 -free conditions. Fertilized eggs with loose vitelline membranes (see Section 3) underwent cleavage in Ca 21 , Mg ®rst cleavage con®rm the origin of TJs at the two-cell stage (see Fig. 12 for a schematic summary).
Our data revealed that nascent TJ formation was closely co-ordinated with the ®rst division cycle. Cytokinesis begins with the constriction of the egg surface at the animal pole, presumably driven by a contractile actin ring and causing the oolemma and the associated cortex to sink deeply into the egg. New membrane formation is then initiated at the tip of this constriction and progresses towards the centre of the egg (Bluemink, 1971b; Singal and Sanders 1974) . We found that the intermembrane space between the two arising blastomeres is initially accessible to biotin, coincident with the absence of assembly of the three TJ proteins studied. However, towards the end of cytokinesis, TJ proteins assembled at the border between the oolemma and the new membrane coinciding with the establishment of a barrier to biotin diffusion. This site represents the apical/ basolateral boundary in the membrane of the arising polarized blastomeres. The TJs interconnect the adjacent membranes and block further access of solutes from the medium into the intercellular space (see Fig. 12 ). It begins at the animal pole and extends from there gradually over the whole circumference of the egg.
A similar biotin assay for functional TJs during early Xenopus cleavage was applied by Merzdorf et al. (1998) . Our data agree with their conclusions in that basolateral membranes of the two-cell stage embryo may be accessible to the biotin reagent but only until the junctions close off the intercellular space. They also proposed that the putative TJs during early cleavage form on the basolateral membrane domain deep within the embryo and do not display the conventional`fence' property of segregating apical and basolateral membrane proteins, shown by the localization of the basolateral membrane markers C-cadherin and Na 1 , K 1 -ATPase on both sides of the recessed TJs. Only during later development did the TJs assume a more conventional apical location (Merzdorf et al., 1998) . In contrast, throughout our study, we have consistently found that the site both of TJ marker proteins and the diffusion barrier is localized at the boundary between apical and basolateral domains for all development stages where junctions are detectable. It is dif®cult to explain this discrepancy other than by variations in technical approaches. Thus, whilst Merzdorf et al. (1998) used the biotin assay and TEM as the main techniques to de®ne TJ sites, we have additionally used TJ protein markers extensively. The two studies have also employed Fig. 10 . A diffusion barrier develops in two-cell embryos. Embryos were exposed to a solution of NHS-LC-biotin during different periods of the ®rst cleavage division. After the biotinylation reaction had been stopped with glycine buffer, the embryos were ®xed and double stained for biotin (A±C) and b 1 -integrin as a marker for the basolateral membrane domain (A H ±C H ), respectively. In embryos exposed to biotin from 1st/908 to 1st/3608 stages, biotin labelling is seen along the basolateral membrane (A,A H ). In embryos incubated in biotin from stage 1st/3608 until stage 2nd/1808, biotinylation of the basolateral membrane is not detectable in the animal hemisphere (B,B H ). At the same time, in the vegetal hemisphere, the basolateral membrane is still biotinylated (C,C H ). As a control for the ef®ciency of biotin diffusion, the embryos were kept in exposed to Ca 21 -free medium until they were exposed to biotin from stage 1st/3608 until stage 2nd/ 1808. This resulted in ef®cient biotinylation of the basolateral membranes (D,D H ). (E,E H ) Show an embryo co-stained for cingulin and biotin, respectively. In the embryos exposed to the biotin solution from stage 1st/3608 till 2nd/1808 biotin penetration of biotin is blocked precisely at the point of TJ assembly as it is indicated by cingulin localization. Bar, 20 mm. different markers for basolateral membrane and, perhaps the critical issue, different temperatures for biotin incubation. We have used a temperature of 158C which may better preserve nascent TJ sealing in living material compared to 108C (Merzdorf et al., 1998) and explain the deeper penetration of biotin in the latter study.
We found that the time course of TJ biogenesis consists of sequential assembly of cingulin, ZO-1 and occludin to the apical contact site between blastomeres. The presence of all three TJ components in the cleaving egg indicates that they are supplied maternally (Cardellini et al., 1996; Cordenonsi et al., 1997; Merzdorf et al., 1998) . In sections of fertilized eggs and early cleavage stages, cingulin was initially found along the egg cortex. This is in full agreement with the observations of Cardellini et al. (1996) on whole-mount stained albino embryos. Our TEM study showed that the cortical cingulin pool is associated with ®laments of the submembraneous cytoskeleton. We also found, in agreement with Cardellini et al. (1996) , that the cortical pool of cingulin appeared to diminish in the vicinity of nascent TJs. The simplest interpretation is that the maternal store of cortical cingulin is sequestered, possibly together with the ®laments, to the site of TJ formation. In the mouse preimplanation embryo, a maternally-derived pool of cingulin is also associated with the egg cytocortex as in Xenopus but in the mouse model, nascent TJ formation is programmed from the embryonic genome and maternal cingulin does not contribute to this process (Fleming et al., 1993) . The de novo localization of cingulin at the TJ site in Xenopus follows rather than coincides with the onset of new membrane formation indicating that TJ formation is not coupled with basolateral membrane formation and cell polarization.
Incorporation of ZO-1 into the nascent TJ site occurred after that of cingulin. Our immunoblotting data indicated the coordinated maternal expression of both a1 and a2 isoforms of ZO-1. In the mouse preimplantation embryo, expression of the a1 isoform of ZO-1 is delayed relative to that of the a2 isoform and is thought to be a limiting factor regulating completion of TJ (Sheth et al., 1997) . Thus, the rapid assembly of TJs in the Xenopus embryo compared with the slower rate of cleavage in mammals is likely to necessitate the early availability of both isoforms. Prior to assembly, ZO-1 was detected within large vesicles in the egg cytoplasm that subsequently appeared to associate with the basolateral membrane before accumulation of the protein at the TJ site. The vesicles appearing to target ZO-1 to the basolateral membrane were usually arranged in a conspicuous linear pattern in the animal cytoplasm perpendicular to the plane of cleavage. To our knowledge, such an arrangement of cytoplasmic vesicles has not previously been reported in Xenopus eggs or early embryos and is likely to re¯ect the existence of a spatially-organized transport.
Occludin localization at the TJ site occurred after cingulin and ZO-1 assembly and appeared to be targeted ®rst to the basolateral surface together with another basolateral transmembrane protein, b 1 -integrin. The occludin-and b 1 -integrin-containing granules are clearly distinct from the vesicles labelled with ZO-1. The latter are much larger in size and are not stained with anti-b 1 -integrin antibody. In contrast, in the mouse preimplanation embryo, ZO-1 a1 isoform and occludin are coordinately transported to the cell surface in the same vesicular structures (Sheth et al., 1997 (Sheth et al., , 1999 . However, for both developmental models, occludin membrane assembly does not precede that of ZO-1, consistent with the results of cell biological studies showing occludin membrane assembly is dependent upon its association with ZO-1 (Van Itallie and Anderson, 1997; Stevenson and Keon, 1998) . Concentration of occludin at the Xenopus TJ site is detectable somewhat later than its localization along the basolateral membrane, in agreement with data from cultured MDCK epithelial cells where occludin is transported to the TJs from the basolateral domain (Matter and Balda, 1998) . The presence of occludin along basolateral membranes in the early embryo raises the possibility that Ca 21 -independent adhesion mediated by occludin may supplement the Ca 21 -dependent adhesion provided by the cadherin/catenin complex (Heasman et al. 1994; Mu Èller et al. 1994 ). The apparent basolateral targeting for both ZO-1 and occludin further suggest that the basolateral membrane may provide a temporal store for both proteins while the apical cortex may contribute an equivalent role for cingulin. Thus, a local supply of TJ constituents may facilitate the rapid genesis of TJs coordinated with the cell division cycle. In addition, the temporal coordination between TJ protein assembly on basolateral membranes and TJ sealing soon after may be regulated by post-translational modi®cations to occludin. A shift in the electrophoretic motility of occludin mediated by dephosphorylation has been identi®ed during early stages of Xenopus development (Cordenonsi et al., 1997) and correlates with the time occludin shifts from the basolateral membranes to the TJs. A similar coordination of TJ biogenesis in the mouse preimplatation embryo involving posttranslational changes in occludin has also been observed (Sheth et al., 2000) .
Tight junction formation and cell polarization
TJs are critical for the maintenance of plasma membrane polarity of epithelial cells in culture and adult tissues (Rodriguez-Boulan and Nelson, 1989) . However, TJ formation tends to follow rather than initiate cell surface polarity during differentiation either in culture (Vega-Salas et al., 1987; Wang et al., 1990) or in the mouse preimplantation developmental model (Fleming et al., 1998) . Our data show that the site of assembly of TJ components and where the diffusion barrier forms is precisely at the border of the preformed apical and basolateral membrane domains. Membrane components within these domains remained distinct during the period from when the oolemma and basolateral membranes associate during cytokinesis to the time when functional TJs were present. In agreement with several previous studies, this indicates that additional mechanisms must be present in the early cleaving amphibian egg to control the establishment and maintenance of cell surface polarity (Kline et al., 1983; Tetteroo et al., 1984; Mu Èller and Hausen, 1995) .
There is considerable evidence that the site of TJ formation in polarized epithelial cells is de®ned by cell-cell interactions and adhesion. Thus, inhibition of cell adhesion by low Ca 21 medium or anti E-cadherin antibodies interferes with TJ integrity and assembly in MDCK cells (Gumbiner et al. 1988; Siliciano and Goodenough, 1988) . During development of the MDCK epithelium in culture, components of the cadherin/catenin complex can play a role in the localization of TJ proteins, as it was shown for ZO-1 and b-catenin (Rajasekaran et al., 1996) . Similarly, in the mouse preimplantation embryo, prior E-cadherin adhesion is critical for spatial organization of TJs (Fleming et al., 1989; Sheth et al., 2000) . In contrast, Cardellini et al. (1996) have found that 30 min incubation of Xenopus early blastula embryos in Ca 21 -free medium did not interfere with the normal pattern of cingulin distribution even if cell-cell contacts were disturbed. On the basis of this observation the authors suggested that in the Xenopus embryo cingulin targeting to the TJs sites may be independent on cell-cell adhesion. In view of these diverging results we decided to investigate TJ protein assembly under conditions where cell-cell adhesion was prevented in the embryo before TJ formation commences.
Two independent experimental designs yielded the same results. First, when embryos were maintained in Ca 21 -free medium after loosening the vitelline membrane, cadherin mediated cell-cell adhesion throughout cleavages was prevented and the probability of physical contacts between blastomeres was minimized. Despite this treatment, cingulin, ZO-1 and occludin still assembled at the putative TJ site between apical and basolateral membranes. Second, by complete removal of the vitelline membrane, normal cellcell contacts during cleavage were mechanically prevented even in the presence of calcium. All three TJ markers were again able to assemble at the normal TJ site between apical and basolateral domains despite the complete absence of cell contacts. These results demonstrate that in Xenopus blastomeres, in contrast to mammalian cell lines and early development, determination of the TJ site is independent of cell-cell interactions but rather is mediated by intrinsic processes manifested by the polarized phenotype established during cytokinesis.
The molecular identity of the cue regulating the spatial organization of nascent TJs in Xenopus is currently unknown. We found that basolateral polarization of cadherin complex proteins was not disturbed by the absence of cell contacts and adhesion. Therefore, the presence rather than the intercellular signalling activity of cadherin complex may be suf®cient to de®ne the TJ site. Alternatively, the apical domain derived from the egg membrane may determine TJ biogenesis. It has been postulated that the egg membrane and/or cortex may act to regulate polarity in the primary epithelium (Mu Èller and Hausen, 1995) . A similar organizational role for the apical cytocortex has been proposed for epithelial polarity in the mouse preimplanation embryo (Fleming et al., 1998) . However, in the mouse system, the in¯uence of the apical cytocortex is acquired by cell interactions, which regulate cell polarization at compaction in the eight-cell embryo. In the Xenopus blastomere the borderline between the oolemma and new membrane domain coincides with a sharp boundary in the structure of the cortex (Bluemink, 1971b; Tetteroo et al., 1984) . Indeed, the clear correlation between the cortical distribution of cingulin and its early association with the TJ site indicates it may be involved in the speci®cation process. The discovery of Drosophila genes regulating epithelial polarity (Tepass, 1997; Bhat et al., 1999) will permit further directed investigations of the mechanisms controlling epithelial differentiation also, perhaps, in the Xenopus embryo.
